Familial frontotemporal dementia (FTD), characterized by tau-negative, ubiquitin-positive inclusions at autopsy, is linked to a chromosomal region at 17q21 (FTDU-17), encompassing the gene encoding the microtubule associated protein tau, MAPT. Mutations in MAPT were previously identified in familial FTD with parkinsonism (FTDP-17); however, in FTDU-17 patients, no pathogenic mutations were found in exonic regions consistent with the lack of tauopathy in FTDU-17 brains. Here, we excluded mutations in MAPT by genomic sequencing of 138.5 kb in FTDU-17 patients. Next, to facilitate the identification of the actual underlying genetic defect, we assembled the 6.5 Mb FTDU-17 sequence. Annotation demonstrated that MAPT is surrounded by three highly homologous low-copy repeats (LCRs) in a region of 1.7 Mb. Using evolutionary studies, short tandem repeat-based linkage disequilibrium (LD) and macro-restriction mapping, we demonstrated that these LCRs are at the basis of a series of rearrangements in the MAPT genomic region. One is an inversion that occurred 3 million years ago and resulted in a common polymorphism in humans to date. This inversion plus flanking LCRs spanned 1.3 Mb and was shown to underlie the extended LD and haplotypes H1 and H2 across MAPT. However, in the FTDU-17 families, we ascertained segregation analysis precluding a relationship between the FTDU-17 and the H1/H2 inversion. The presence of multiple homologous LCRs in the region predicts that other potentially more complex genomic rearrangements might be underlying FTDU-17.
INTRODUCTION
Frontotemporal dementia (FTD, OMIM 600274) is the second most frequent type of neurodegenerative dementia clinically characterized by initial behavioral and psychological disturbances, followed by cognitive decline eventually leading to dementia. FTD is an etiologically complex disorder with genetic components contributing to disease. In 20% of patients, FTD is compatible with autosomal dominant inheritance (1) . In 10 -43% of families with FTD and parkinsonism linked to 17q21 (FTDP-17), mutations were identified in the gene encoding the microtubule associated protein tau (MAPT, OMIM 157140) (FTD Mutation Database http:// www.molgen.ua.ac.be/FTDMutations) (2) . FTDP-17 patients with MAPT mutations are neuropathologically characterized by intracellular inclusions of tau deposits (tauopathy).
In 33% of FTD patients, ubiquitin-staining inclusions (FTDU) are observed in the absence of tauopathy (1) . A number of autosomal dominant FTDU families were linked to regions at chromosome 17q21 encompassing MAPT (FTDU-17) (2) . So far, extensive mutation analyses of MAPT exons and flanking intronic sequences did not identify # The Author 2005. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oupjournals.org pathogenic mutations. In one extended Dutch FTDU-17 family, family 1083, we were able to significantly refine the linkage interval to 4.8 cM between D17S1787 and D17S958 (3). In addition to MAPT exonic mutations, we excluded pathogenic mutations in the saitohin gene (STH ) located within intron 9 (3) and in the presenilin homolog 2 (PSH2, IMP5 ) located just upstream of MAPT (4).
The MAPT genomic region was recently shown to be genetically complex, characterized by the presence of an inversion that is common in the population (5) . This inversion results in high linkage disequilibrium (LD) in a region of 1.3 Mb across MAPT (6 -8), producing two extended LD haplotypes that were previously designated H1 and H2 (9) . H1 has been consistently associated with increased risk for sporadic tauopathies like progressive supranuclear palsy and cortical basal degeneration worldwide (2) . We recently analyzed the H1-based allelic heterogeneity of MAPT by sequencing of 138.5 kb genomic sequence (R. Rademakers et al., unpublished data). We identified 153 H1 genetic variants and used these to examine the LD substructure within MAPT on the basis of which we selected 15 haplotype-tagging SNPs capturing .90% of MAPT haplotype diversity. Here, we extended the genetic analyses of MAPT by examining the 138.5 kb genomic sequence, including upstream and downstream conserved regulatory regions for pathogenic mutations in FTDU-17 patients. Further, we constructed and annotated the 6.53 Mb genomic sequence contig of the FTDU-17 region. We provided evidence for the presence of three highly homologous low-copy repeats (LCRs) surrounding MAPT and studied their genomic organization, their relationship to the MAPT H1/H2 inversion and their impact on genomic evolution.
RESULTS

MAPT genomic sequencing
We determined 138.5 kb MAPT genomic sequence including 3.9 kb upstream and 3.7 kb downstream sequences conserved in rodents, in three patients and two non-segregating at risk relatives of FTDU-17 family 1083 and in 18 unrelated individuals. We did not include stretches of interspersed repeat sequences (35.26% as identified by RepeatMasker, http:// www.repeatmasker.org) and obtained 96 kb sequence of which 81 kb unique sequence in each individual. In family 1083, FTDU-17 segregated with H1 (3); two patients used in sequencing were H1/H1, whereas one was H1/H2 for the MAPT haplotypes. In total, we identified 574 sequence variants, including 424 variants differentiating H1 from H2 (H2 variants). One variant, g.38276T.A (numbering relative to AC091628.2) located in MAPT intron 0, was present only in FTDU-17 patients of family 1083. Genotyping this SNP in 189 unrelated Dutch control individuals demonstrated that the A-allele was heterozygous in 57 and homozygous in 10 control individuals, resulting in a minor allele frequency of 20.4%.
Assembly and annotation of the FTDU-17 genomic sequence
We assembled the genomic DNA sequence of the FTDU-17 region between D17S1787 and D17S958 (3) on the basis of public finished and unfinished draft sequences of the human genome, and obtained a single contiguous sequence sized 6.53 Mb. Later, NCBI Build 35 of the human genome (hg17) confirmed our assembly efforts. The region contained 145 known genes based on the 'Known Genes' track of the UCSC human genome browser. Complete annotation of the 300 kb segment between DRF1 and CRF based on sequence homologies with human and non-human genes and spliced ESTs, gene predictions and conserved elements demonstrated that this region contained five novel unknown genes, in addition to seven known genes represented by Refseq sequences. The density of known genes in this region and the FTDU-17 region is highly comparable (one known gene per 45 kb) and extrapolation of the ratio of known genes to novel genes suggested that the total number of genes in the FTDU-17 region might be about 249, resulting in a gene density of one gene per 26 kb.
LCRs in the MAPT genomic region
While assembling the sequence contig of the FTDU-17 region, different fragments of the same unfinished draft sequences entered into the contig at two locations 250 kb centromeric and 200 kb telomeric of MAPT, respectively. Also, retrieval of sequences homologous to these regions resulted in a much higher number (N ¼ 88) of genomic sequences when compared with other regions. These observations suggested that MAPT is flanked by duplicated sequences. To examine this possibility, we analyzed 2 Mb genomic sequence surrounding MAPT (further referred to as MAPT genomic region) suspected of containing repeated homologous segments. In this region, we identified three LCRs with .97% local similarity within a 1.7 Mb sequence (Fig. 1) . One LCR sized 227 kb, LCR A, was located 250 kb centromeric of MAPT, whereas the other two LCRs, LCR B (sized 503 kb) and LCR C (sized 123 kb), were located, respectively, at 180 and 950 kb telomeric of MAPT and were inverted relative to LCR A. The LCRs were composed of three (LCR C) to nine (LCR B) occurrences of eight different subunits (Fig. 2) . In LCR A, a 4 kb sequence in subunit 2 was repeated in tandem (Fig. 2) . In LCR B, a duplication of subunits 2 and 8 (together 237 kb) was detected, of which subunit 8 (182 kb) was present in LCR B only (Fig. 2) . LCRs A and B were interrupted by stretches of unique sequence: in LCR A, subunits 3 and 4 were separated by 17 kb unique sequence, whereas in LCR B, 98 kb unique sequence was localized between subunits 5 and 6 and 41 kb between subunits 4 and 7. Maximal local similarity between LCRs was observed in LCR subunit 2 and ranged from 97.4% over 8.0 kb (LCR A versus LCR C) to 99.2% over 12.0 kb (LCR A versus LCR B). LCRs A and B were most homologous with 40.6 kb having a sequence identity !90%.
Not all LCR-containing sequences assembled into the contig and seven additional contigs were generated indicating that additional related LCRs existed in the human genome. All LCRs localized to 17q in a 38 Mb region ranging from 17q11.2 to 17q24.2 ( Table 1 ). The sequence of the LCR located at 17q24.1 was highly homologous to LCR A over a 154 kb region (subunits 1 -3) and therefore represented another member of the same LCR family (LCR D). LCR D is oriented in the same direction as LCR A (Fig. 1 ) and was composed of four subunits (Fig. 2) . Highest sequence similarity was with LCR A, i.e. 98.1% over a 13.3 kb region in subunit 2. Together, LCRs A -D represent members of the MAPT LCR family. The six remaining LCRs were composed mainly of elements of other chromosome 17 LCR families, though interspersed with sequences of the MAPT LCR family. In addition, short stretches of MAPT LCR sequences are distributed across the entire 17q arm.
Gene annotation of the MAPT genomic region identified four known genes located between LCRs A and B, CRHR1, IMP5, MAPT and STH, in addition to putative genes, FLJ25168, BC018035 and LOC284058 (Fig. 1) . Three genes were located between LCRs B and C: WNT3, WNT9B and Figure 2 . Black arrows indicate large-insert clones labeled with GenBank accession number. Red arrows represent genes. Single-copy STR markers are shown in green; multiallelic STR markers in pink. FMNL1: forminlike 1; MAP3K14: mitogen-activated protein kinase kinase kinase 14; ARHGAP27: Rho GTPase activating protein 27; CRHR1: corticotropin releasing hormone receptor 1; IMP5: intramembrane protease 5; STH: Saitohin; NSF: N-ethylmaleimide-sensitive factor; WNT3: wingless-type MMTV integration site family, member 3; WNT9B: wingless-type MMTV integration site family, member 9B; GOSR2: golgi SNAP receptor complex member 2; CDC27: cell division cycle 27 dependent kinase 27; DDX5: DEAD (Asp-Glu-Ala-Asp) box polypeptide 5; SMURF2: SMAD-specific E3 ubiquitin protein ligase 2 and GNA13: guanine nucleotide binding protein (G protein) alpha 13. (Table 2) . PLEKHM1: pleckstrin homology domain containing, family M member 1; NBR2: neighbor of BRCA1 gene 2 and ARF4L: ADP-ribosylation factor 4-like.
GOSR. Six genes were entirely embedded within LCR sequences: LOC201175, PLEKHM1, NBR2/ARF4L, KIAA0563/ LOC9894, BC066350 and LOC401884 (Table 2 and Fig. 2 ). All except BC066350 were present in LCR A and all except BC066350 and LOC401884 in LCR D, and are likely transcriptionally active since LCR-specific ESTs were identified ( Table 2) . Paralogous sequences are variably present in LCR B and LCR C ( Table 2 , and Fig. 2 ). Two genes were transcribed from within LCR sequences: ARHGAP27 is transcribed from telomere to centromere with exon 1 located in LCR A; NSF is transcribed from centromere to telomere with exons 1-13 located in the duplicated subunit 8 unique to LCR B. In LCR B, we identified multiple ESTs containing LOC401884 and exon 2 of LOC284058 suggesting that in LCR B, the paralogous sequences of LOC401884 represent alternative 5 0 exons of LOC284058 (Fig. 2 ).
Synteny mapping
We compared the MAPT genomic region in human with that of mouse at chromosome 11qE1 (Fig. 3 ). Mice had only one orthologous copy of AF258593, PLEKHM1, KIAA0563/ LOC9894, NBR2/ARF4L and LOC401884, localized telomeric of Map3k14 comparable to the position of LCR A in humans, suggesting that LCR A is the ancestral sequence from which the human MAPT LCRs B -D originated by segmental duplication. Also, duplicated subunit 8, unique to LCR B and containing exons 1-13 of NSF, was present only once in mouse. Further, the gene order in mice differed such that Gosr, Wnt9b, Wnt3 and Nsf appeared first and in reversed order before Crhr1, Imp5, Mapt and Sth. Also, synteny was interrupted at each of the three human LCRs (Fig. 3 ).
In chimpanzee (Pan troglodytes ), the gene order in the syntenic region on chromosome 19, was identical to human between MAP3K14 and MAPT including the genes in LCR A. The order of genes between LCR B and LCR D was reversed in the chimpanzee syntenic sequence. However, the chimpanzee sequence had gaps at the sites where LCR B and LCR D reside in humans preventing a fixed orientation of these sequence scaffolds. Nevertheless, we detected multiple regions in chimpanzee chromosome 19 that were homologous to the human LCRs A -D, suggesting that multiple copies were also present in the chimpanzee genome. Together, these data can be explained by at least two inversions of the genomic segments between the LCRs in human when compared with mouse ( Fig. 3) , at least some of which must have occurred before chimpanzee speciation.
Extended LD in the MAPT genomic region
To determine the extent of the H1 and H2 haplotypes, we analyzed 18 short tandem repeat (STR) markers located in the MAPT genomic region (Fig. 1B) in 23 nuclear families. Seven STRs displayed more than two alleles per individual: four recognized sequences in LCRs A, B and D and three in the tandem duplicated sequence unique to LCR B. The observation that sequences in these LCRs PCR amplify using the same primers illustrated the limited sequence divergence between and in the LCRs. We performed segregation analysis of the 11 remaining STRs and MAPT haplotypes H1 and H2 defined by MAPT SNP16 to determine 17q21 haplotypes. Four STR markers located between LCR A and LCR B showed a dichotomous distribution of H1-and H2-specific alleles: two STRs flanking MAPT (chr17-44 and chr17-20 ) and two within MAPT (chr17-19 and chr17-28 ). Distortions of H1 and H2 allelic distributions were also observed for two more centromeric STR markers (D17S810 and chr17-18 ). Association analysis showed highly significant (P , 0.005) allelic association for these six STR markers and significant association (P , 0.05) for chr17-16 centromeric and D17S920 telomeric of MAPT (Table 3) , coinciding with the 1.33 Mb region ranging from LCR A to LCR B. This evidenced that the non-allelic homologous recombination that resulted in the inversion defining the extended H1 and H2 haplotypes must have occurred between LCR A and LCR B.
Pulsed-field gel electrophoresis analysis
To localize the H1/H2 inversion breakpoints, we performed pulsed-field gel electrophoresis (PFGE) restriction mapping of Not I-digested genomic DNA of different H1/H2 genotype carriers using single-copy hybridization probes flanking each of LCR A, MAPT and LCR B at the centromeric (cen) and telomeric (tel) side (Fig. 4) . Each probe hybridized multiple fragments with variable intensity suggesting that the Not I restriction digestion was partially inhibited by DNA-methylation. When comparing hybridization signals of H1 and H2 chromosomes, we observed no fragment size differences for the probes MAPTcen, MAPTtel, LCRAtel and LCRBcen, located between the LCRs. Hybridizing with LCRAcen, resulted in H2 fragments that were 70 kb longer than the H1 fragments. Hybridizing with LCRBtel, resulted in an H2 fragment that was 98 kb longer than the H1 fragment. In addition, a constant fragment of 120 kb was observed for both haplotypes resulting from the location of LCRBtel in subunit 8, duplicated in LCR B (Fig. 4A) . When performing the same hybridization experiments using Pme I-and Pvu Idigested genomic DNA, we obtained similar results (data not shown): fragment size differences between H1 and H2 were only observed when hybridizing with LCRAcen and LCRBtel and were comparable to those obtained with Not I-digested genomic DNA. This suggested that the fragment size differences between H1 and H2 were not due to polymorphic Not I restriction sites.
We compared the sizes of observed with predicted restriction fragments based on in silico restriction digestion of the DNA sequence of the MAPT genomic region. Fragments hybridizing with probe LCRAcen were 60 kb longer, whereas those obtained with LCRBtel were 80 kb shorter than predicted (Fig. 4) . This might suggest that sequence contigs and/or large-insert clone assemblies in the MAPT genomic contig were incorrect or, more likely, that the size of the LCRs is variable among individuals.
Evolution of MAPT haplotypes
In chimpanzee and gorilla (Gorilla gorilla ), we successfully PCR amplified nine intronic sequences representing 5.5 kb of MAPT sequence distributed across the entire gene and containing 112 sequence differences including 44 H2 SNPs in human. In chimpanzee, we observed 17 H1 alleles and 25 H2 alleles, whereas two contained another nucleotide at the corresponding position; in gorilla, we observed 17 H1 alleles and 26 H2 alleles, whereas one contained another nucleotide at the corresponding position. This demonstrated that human H1 and H2 haplotypes are derivatives from an intermediate ancestral haplotype and accumulated a sizable number of sequence variations since their divergence. We compared the 114 sequence differences present in the 5.5 kb sequence of H1, H2, chimpanzee and gorilla, and assigned to the primate phylogenetic tree (Fig. 5) . Given that chimpanzee speciation occurred 5.5 million years ago (10), we estimated that based on the number of variants on each branch, H1 and H2 diverted 3 million (17 mutations in human H2 branch) to 3.6 (27 mutations in human H1 branch) million years ago.
DISCUSSION
MAPT mutations are accounting for ,50% of FTD patients (2) and are invariably associated with pathological tau deposition in brain. However, of the FTD patients, .50% do not show tau depositions but have ubiquitin-staining, tau-negative inclusions (FTDU) or lack distinctive brain pathology (DLDH) (1) . At least nine tau-negative FTD families, including both FTDU and DLDH families, were linked to chromosome 17q21 (2, 11) .
We significantly reduced the linked region in an informative FTDU-17 family 1083 to 4.8 cM between D17S1787 and D17S958 (3). In this study, we assembled and annotated the genomic sequence of the FTDU-17 region and demonstrated that it contained five LCRs including two BRCA1-NBR LCRs (12) and three MAPT LCRs A, B and C, members of a novel family of four MAPT LCRs. LCR A is located centromeric of MAPT and is inverted relative to LCRs B and C, located telomeric of MAPT. MAPT LCR D is located in the same orientation as MAPT LCR A at 17q24, 19 Mb telomeric of MAPT. Using STR-based LD mapping in the MAPT genomic region, we demonstrated that LCR A and LCR B flank the extended MAPT H1/H2 haplotypes (6 -8) that resulted from a historical inversion (5) . This suggested that the H1/H2 inversion is the result of non-allelic homologous recombination (NAHR) between LCR A and LCR B and comprised a 570 kb unique sequence between these LCRs. In family 1083, FTDU-17 segregated with the MAPT H1 haplotype (3), whereas in two Belgian FTD families, DR2 and DR8, conclusively linked to the MAPT genomic region in the absence of MAPT mutations (11), the disease was segregating with the MAPT H2 haplotype. These observations make it unlikely that the H1/H2 inversion underlies the genetic etiology of FTDU-17.
Because paracentric inversions are associated with reduced recombination (13), chances of observing informative recombination events occurring within the MAPT H1/H2 inversion are low. Since H2 is rare, this is especially true in families in which the linked chromosome carries a H2, taken that recombinations can only be observed in H2/H2 meioses. To exclude a role for MAPT in FTDU-17, we sequenced 138.5 kb of genomic MAPT including conserved upstream and downstream regulatory sequences in three patients of family 1083 and two unaffected relatives not carrying the disease haplotype. Mutations in non-coding regions of MAPT might affect, e.g. transcription, splicing or translation. Reduced levels of all mapt isoforms have been reported in patients of chromosome 17q21 linked hereditary dysphasic 
Of each gene, the GenBank accession no. of a representative expressed sequence in each LCR is shown.
-represent absence of paralogous sequences. ? represent presence of paralogous sequences, but no representative mRNA or EST identified.
disinhibition dementia family 2 (14); however, these observations are controversial and could not be replicated in patients of other chromosome 17q21 linked families in which mapt proteins and levels seemed normal (15) . During MAPT genomic sequencing, we identified 574 sequence variants. Only one variant, i.e. g.38276T.A located in MAPT intron 0, apparently segregated on the disease haplotype but was present with a rare A-allele frequency of 20.4% in 189 control individuals demonstrating that it was a common SNP and unrelated to FTDU-17. Although stretches of interspersed repeat elements and flanking sequences were excluded from our sequencing efforts, we cannot entirely exclude that variants in these repeat elements might contribute to FTDU-17. Examples of mutations in Alu elements leading to constitutive splicing of the element into the transcript, thereby leading to disease have been described, e.g. in mucopolysaccharidosis (16) . Also, we cannot exclude a mutation in unknown distant regulatory elements of MAPT. In addition, direct genomic sequencing is unable to detect larger genomic deletions or insertions. However, we reported earlier heterozygous polymorphisms in all PCR amplicons containing MAPT exons except exons 10 and 12 (3) . We demonstrated by quantitative PCR analysis of exons 10 and 12 that two copies were present in the patients' genome (data not shown). Moreover, since we included an H1/H2 patient in the MAPT genomic sequencing effort, we observed all 424 H2 variants in the heterozygous state in this patient. Together, these data exclude a major deletion in coding and non-coding regions of MAPT. Also, for all H2 variants, the peak heights in the sequence readouts were not supporting a complete or partial multiplication of MAPT. However, since currently we have no frozen brain material available of patients in family 1083, we could not confirm these genomic observations by qualitative and/or quantitative studies of MAPT transcripts. Nevertheless, normal brain transcript levels of MAPT were observed in another FTDU-17 family, family Dutch III (15) . Absence of insoluble tau-pathology in FTDU-17 brains, could suggest that a mutation outside MAPT affecting another positional candidate gene at 17q21 might be the underlying genetic cause. In this respect, it is important to note that the 6.53 Mb large FTDU-17 region is located in a gene-dense chromosomal segment. Sequence annotation efforts predicted the presence of 145 genes with known function and an additional 104 novel genes with unknown function. In patients of family 1083, we have already excluded mutations in exons and exon/intron boundaries of 13 positional candidate genes including PSH2 (4), STH (3), ADAM11, ATP6V0A1, CRF, GFAP, HAP1, LOC284058, MAP3K14, NSF, WNT3 and WNT9B and a novel kinesin gene represented by ESTs BM470271, CN291085, CV355787, CN284941, CD657231 and BI870026 (data not shown). However, we identified many additional functionally relevant positional candidate genes and massive mutation detection efforts are required to analyze them all. Therefore, it might be more efficient to first attempt to further reduce the FTDU-17 region by identification of informative meiotic recombinants in additional extended FTDU-17 families or ancestral recombinants in FTD patients that are associated with the FTDU-17 region.
Since we identified five LCRs inside the FTDU-17 region, one other possibility that remains to be examined is that FTDU-17 might be a genomic disorder (17) resulting from NAHR between the different LCRs. LCRs have been previously established as mediators of genome evolution associated with genomic rearrangements within the past 35 million years (18) . Using several approaches, we provided evidence that the MAPT LCRs are unstable. Synteny mapping of human, mouse and chimpanzee indicated that LCR A is the progenitor sequence, of which a segmental duplication led to LCRs B -D. Also, at least two inversions of the chromosomal segments located between the MAPT LCRs must have occurred during evolution, most likely before chimpanzee speciation. Moreover, sequence comparison of 5.5 kb of MAPT intronic sequence in human, chimpanzee and gorilla demonstrated that one of these inversions must have occurred 3 -3.6 million years ago, and to date is present in the human population as the MAPT H1/H2 inversion polymorphism. Further, Stefansson et al. (5) reported one to three tandem repeated copies of the gene segment containing the first 13 exons of NSF present in different H1 haplotypes; NSF is located in subunit 8 of LCR B (Fig. 2) . Of interest, suppression of recombination between two major haplotypes has also been reported in the BRCA1 region at 17q21 (19) . It is possible, though not yet proven, that the BRCA1-NBR LCRs-also located in the FTDU-17 region-are mediators of NAHR events resulting in a BRCA1 H1/H2 inversion existing in the human population as a common polymorphism. Together, these observations support our notion that the FTDU-17 region is unstable and prone to genomic mutations. Genomic rearrangements due to NAHR between paralogous sequences of LCRs are a common mechanism resulting in human disease (20) . Although genomic rearrangements involving BRCA1-NBR LCRs have been associated with a substantial fraction of patients with familial ovarian/breast cancer (21) , no inherited human disorder has yet been associated with rearrangements involving the MAPT LCRs. We excluded an abnormal copy number of the MAPT gene in FTDU-17 and abnormal MAPT transcripts have been excluded in other studies (15) ; however, we cannot exclude that a genomic mutation, e.g. affecting MAPT expression due to a position effect (22) might cause FTDU-17. Also, we cannot exclude a genomic mutation affecting a gene or genes other than MAPT. In this respect, we identified six genes located within the MAPT LCRs and sequence comparison of ESTs suggested that five genes are transcriptionally active. This observation does not prove functionality of the transcripts, since it has been shown earlier that LCR-derived genes are usually not functional due to gene rearrangements (23) . However, we cannot exclude that due to rearrangements inside or between LCRs, aberrant genes or an abnormal copy number thereof might have arisen, leading to disease. To investigate these issues, in depth studies of the genomic structure of chromosome 17q21 in FTDU-17 patients, e.g. by extensive FISH and PFGE studies are needed. Finally, instability in the MAPT genomic region might also lead to somatic mutations and can therefore be a genetic cause of sporadic dementias, further increasing the importance of MAPT in neurodegeneration.
In conclusion, we showed that the FTDU-17 region is a gene-rich and genetically complex genomic region. In addition, genomic sequencing analysis of MAPT did not support the involvement of simple MAPT mutations in FTDU-17. Further analyses including mutation analyses of other positional candidate genes and structural analyses of the FTDU-17 region are required but time-consuming. Therefore, reduction of the FTDU-17 region through the identification of closer informative recombinants might be the most appropriate approach to advance the molecular genetic dissection of FTD. Identifying the genetic defect leading to FTDU-17, a disease which prevalence has long Figure 1B . been underestimated, might provide new insights in the pathomechanism leading to FTDU-17 and related tauopathies.
MATERIALS AND METHODS
MAPT genomic sequencing
MAPT genomic sequencing was performed in 23 Caucasians including three patients of FTDU-17 family 1083 (III-11, III-26 and III-30) and two unaffected individuals not carrying the disease haplotype (III-14 and III-34) (3) as previously described (R. Rademakers et al., unpublished data). In short, 138.5 kb of MAPT (nucleotides 41323746 -41462318 in GenBank accession no. NC_000017.9) including 3.9 kb upstream of intron 0 and and 3.7 kb downstream exon 13/14 that were conserved in rodent. PCR primers were developed to cover the complete genomic sequence with the exclusion of long stretches of interspersed repeat elements using SNPbox (24) . Standard PCR reactions were performed and amplification products were purified, sequenced in both directions using the BigDye Terminator Cycle Sequencing v3.1 (Applied Biosystems) and analyzed on an ABI3730 DNA analyzer (Applied Biosystems). Sequences were analyzed using novoSNP (25) and by visual inspection of the sequence reads. For SNP g.38276T.A (numbering relative to AC091628.2), a pyrosequencing assay was developed and 189 unrelated Dutch control individuals were analyzed.
Sequence assembly and annotation of the FTDU-17 region
Finished and unfinished large-insert human genomic sequences available in GenBank were identified with BLASTn (http://www.ncbi.nlm.nih.gov/BLAST) (26) using MAPT exon sequences and assembled into contigs. Obtained contigs were extended by performing iterative steps of BLASTn homology searches with contig end sequences and assembling newly identified sequences into the existing contigs until one contiguous sequence containing the complete FTDU-17 region was obtained. Later, when the human genome sequencing effort was completed in the MAPT region, the assembly was confirmed in NCBI Build 35 of the human genome using the UCSC human genome browser May 2004 assembly (http://genome.ucsc.edu) (27) . The contig sequence was analyzed for LCR regions using YASS similarity searches (28) with expectation value 10 and the results were visualized as dot plots using an in-house developed software tool. Maximal local similarity between LCRs was identified by pair wise YASS analysis of the LCR sequences. To identify other genomic regions containing MAPT LCR sequences, all large-insert sequences related to LCR A available in GenBank were identified using mega-BLAST and assembled into contigs. The chromosomal location of the sequence contigs was determined based on the position of their clones in the UCSC human genome browser. Genes located in the FTDU-17 region were identified using the UCSC human genome browser based on the location of mRNAs and spliced human ESTs. Sequences of transcripts located inside the LCRs were used to search paralogous transcripts in the other LCRs using BLAT in the UCSC human genome browser.
Synteny mapping
Orthologs of human MAP3K14 and CDC27, located centromeric of LCR A and telomeric of LCR C, respectively, were localized in the mouse (Mus musculus, NCBI genome Build 33) and chimpanzee (Pan troglodytes, NCBI Genome Build 1v1) genomes using the UCSC genome browser to identify syntenic regions and the gene order and orientations were identified. The DNA sequence of the mouse syntenic region was retrieved, repeat sequences were masked in mouse and human using RepeatMasker (29) , orthologous regions were identified using YASS with expectation value of 10 and visualized as dot plots using an in-house developed software tool.
LD analysis of the MAPT region
The MAPT genomic sequence was searched for non-interrupted dinucleotide repeats with a length of at least 10 units using TRFinder (30) and PCR primers flanking the repeats were developed using Primer 3 (31) (primer sequences available on request). DNA of individuals of 23 nuclear, Caucasian families of Belgian origin composed of two parents and two children were PCR amplified and fragments were analyzed using an ABI3730 DNA-analyzer (Applied Biosystems). Alleles were scored using GENOTYPER and segregation analysis was performed in the nuclear families. MAPT H2 SNP16 (g.8117G . A; numbering according to GenBank accession no. AC091628.2) was genotyped in all individuals using pyrosequencing. Occurrences of the STR alleles on parental chromosomes with the MAPT H1 and H2 haplotypes were counted and differences of allele distribution were analyzed using CLUMP (32) .
PFGE analyses
As previously described, 8 mg genomic DNA embedded in low-melting agarose plugs was digested overnight with 40 U Not I, Pme I or Pvu I and separated on a CHEF Mapper XA (Biorad) using electrophoresis conditions calculated by the embedded algorithm for optimal fragment separation between 50 and 1000 kb. Saccharomyces cerevisiae chromosomes and l DNA ladder were used as size standards. After electrophoresis, the DNA was depurinated in 0.25 mM HCl for 7 min, denatured, neutralized and transferred to Hybond Nþ nylon membranes (Amersham) using Southern blotting. Hybridization probes were generated by PCR using primers flanking LCR A, LCR B and MAPT at both sides (Fig. 4 ). Probes were verified by sequencing and labeled with [a-32 P]dCTP and [a- P]dATP by random primer labeling. Hybridization was carried out overnight at 558C in UltraHyb hybridization buffer (Ambion). Membranes were washed in 0.5% SDS buffer containing decreasing concentrations of SSC until background signal disappeared. Autoradiography was performed overnight to 4 days.
Evolution of MAPT haplotypes
Ten PCR primer pairs, designed on the basis of the human MAPT intronic sequences, were used to amplify genomic DNA of two chimpanzees and one gorilla. Sequences in primates were compared with human MAPT H1 and H2 sequences and variants were located on the primate phylogenetic tree (10) . On the basis of the number of mutations in each branch, the time of separation of human MAPT H1 and H2 haplotypes was determined taking human and chimpanzee speciation 5.5 million years ago as a reference (10) .
